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Abstract 
Experimental studies of pulsed laser welding of stainless steel 316 in keyhole mode was done to examine a vaporization model 
based on the kinetic theory of gases and the thermodynamic laws. A long pulsed Nd:YAG laser with variable duration of 1-12ms 
and 9-17 Gw/cm2 was employed. The undesirable loss of volatile elements affects on the weld metal compositions and the alloy 
properties. The model predicts that the loss of alloying elements strongly takes place at higher peak powers and longer pulse 
durations. On the other hand, the model shows the rapid migration of Mn and Cr based on the pressure and concentration 
gradients from the molten pool. Accordingly, the concentrations of iron, chromium, nickel and manganese were determined in 
the weld pool by means of the energy dispersive x-ray analysis (EDX) and proton induced X ray characteristics (PIXE) 
microanalysis.   The change of weld metal composition of aluminium alloy 5754 in keyhole mode laser welding, was investigated 
using the model and was supported by the successive measurements. The model predicts that the concentration of magnesium in 
the weld metal decreases, while the aluminium concentration increases. Moreover, the real time concentrations of aluminium and 
magnesium elements in the weld metal were determined by laser induced breakdown spectroscopy (LIBS) at different conditions. 
We conclude that variation of the Al to Mg concentration ratio is negligible with various laser power densities while it is strongly 
correlated to the pulse duration.       
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1. Introduction 
Welding with a high power laser is associated with keyhole formation such that the surface is heated up to the 
boiling point. Significant vaporization of volatile alloying elements often takes place. As a consequence, chemical 
composition and the mechanical properties of the weld metal differs from the base metal. In laser welding of 
aluminum alloys, magnesium depletion in the weld metal causes to loss of strain hardened structure and porosity 
formation. To realize a quantitative estimation of the weld metal composition, while varying the irradiation 
parameters, a comprehensive model is required. Several authors have used Longmuir equation for the calculation of 
the changes in weld metal composition due to various welding processes [1, 2]. This equation is useful for 
calculation of relative vaporization rates from different alloying elements in vacuum; however, it results to a higher 
absolute rate than the actual values [2-5].                                   
Mundra and Debroy [2] derived equations for the vaporization rate of various alloying elements in conduction 
mode laser welding, of high-manganese stainless steel with a CW CO2 laser. In order to obtain a quantitative 
understanding of composition change in keyhole welding with pulsed lasers, it is necessary to propose a model that 
predicts the keyhole formation as well as the corresponding physical phenomena that occurs. In this work, the 
vaporization rates of SS316 and Al5754 alloying elements such as Fe, Ni, Mn, Cr and Mg were determined through 
a theoretical model based on keyhole welding with pulsed Nd:YAG laser. The influences of laser pulse energy and 
duration on the composition change of the weld metals are predicted by model and compared with the experimental 
results. 
 
2. Experimental setup 
The Specimens of aluminum alloy5754 and stainless steel 316 were irradiated with a long pulsed Nd:YAG laser 
model IQL-10 with mean power of 400W and standard square shaped pulses. In laser welding of Al 5754, the pulse 
energy of laser was varied from 4.5 to 10.5 joules while the pulse duration could be changed from 3 to 7ms as well.  
The process speed (9 mm/s) and the pulse repetition rate (10 HZ) were kept to be invariant during the experiments. 
In laser, welding of stainless steel 316 the pulse energy of laser was varied from 3 to 18 joules while the pulse 
duration could be changed from 2 to 12 ms as well. The process speed (5 mm/s) and the pulse repetition rate (20 
HZ) were kept to be invariant during the experiments.  Joule meter model LA300W-LP Ophir is used to measure the 
pulse energies. A focusing optical system composed of three lenses is used with 75 mm focal length and 200 mμ  
minimum spot sizes. The welding work piece was a 2 mm thick aluminum alloy 5754 sheet metal such that the 
corresponding chemical composition is presented in table I. About 10 lit/min flow of pure Argon gas, blowing from 
a coaxial nozzle was employed to shield the welding area against the oxidation. After welding processes, the 
concentrations of aluminum and magnesium in the weld and base meal were determined using LIBS analysis and 
the concentrations of iron, chromium, nickel and manganese in the weld and base meal were determined using the 
(PIXE) and EDX/WDX analysis. 
3. Theoretical modeling  
3.1.  Keyhole Formation Model 
A well-tested ’hydrodynamic’ physical model was used to simulate the keyhole profile as a function of time. The 
assumptions, model framework, and the solution procedure have been described in detail in our recent paper [6] and 
are not repeated here. The keyhole profile as a function of time was then used to calculate the vaporization rates of 
alloying elements.  
3.2.  Vaporization of Alloying Elements 
Close to the liquid phase, inside the keyhole on its walls, vaporization of material takes place within a sheath. 
The so-called Knudsen layer is governed by the transition from a non-equilibrium state at the keyhole wall to an 
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equilibrium state a few mean free paths distant from the liquid boundary. Vaporization of the alloying elements is 
due to the difference in partial vapor pressure and concentration gradient of each component. Pressure and 
concentration of alloying elements are higher near the weld pool surface in the Knudsen layer than in the bulk 
shielding gas and in the keyhole bulk [2-5] (In fact, the pressure of the vapor inside the keyhole is close to the 
ambient pressure [7]). 
Partial pressure of each alloying element in the Knudsen layer is related to equilibrium temperature of this layer 
and can be calculated using the following equation [8]: 
 
 
                                                                                                                                                                        (1) 
 
Where A, B, C, D, and E are constant coefficients which usually differs for the various elements, and T refers to 
the temperature.                                                                    
 
Total vapor pressure at the weld pool surface (Knudsen layer) is obtained from summation of the equilibrium 
vapor pressure of various alloying elements. 
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Where ia  and 0iP  are the activity and equilibrium vapor pressure of the alloying element i respectively whereas 
i refers to the number of alloying elements. 
It is suggested that Knudsen layer is filled only with metal vapor and no shielding gas attends inside.  The 
calculated pressure of the Knudsen layer is subsequently used to obtain the loss of each alloying element due to 
concentration and pressure gradient vaporization rates. 
3.2.1.  Vaporization due to concentration gradient 
 It is known that concentrations of the alloying elements in the Knudsen layer are considerably higher than their 
respective concentration in the keyhole bulk. The vaporization flux due to concentration gradient can be predicted 
from the kinetic theory of gases [2-5]: 
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where icJ ,  is the vaporization flux of element i due to concentration gradient, giP ,  is vapor pressure of the 
alloying element i in the keyhole,  iM  denotes the molecular weight of the element i, R represents the gas constant 
and igK ,  ascertains the mass  transfer coefficient of element i . Additionally the mass transfer on the weld pool 
surface outside the keyhole is calculated from the graphical results of Schlunder and Gniclinski for a jet impinging 
on a flat surface and can be expressed by [2-5]: 
 
                                                                                                                                                                         (4) 
 
Where d is the diameter of the shielding gas nozzle, r is the radial distance on the weld pool surface, igD , denotes 
the diffusivity of the element in the shielding gas per 
s
m2 (see appendix), and Re represents the Reynolds number at 
the nozzle exit and Sh ascertains the Schmit number of the element. 
Mass transfer coefficient inside the keyhole is given by: 
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Where D is mean diameter of the keyhole. Equation (5) was derived by Gilliand and Sherwood for mass transfer 
between the liquid that flows on the wall of the pipe and the gas current that flows inside the pipe [9].  
 
 
  
  
 
Fig. 1.Experimental and calculated concentrations of the constituent alloying elements (SS316), as a function of pulse duration for a power 
density 12 GW/m2. 
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3.2.2. Vaporization due to pressure gradient 
The vapor pressure at the Knudsen layer can be higher than the pressure inside the keyhole, and this excessive 
pressure provides a driving force for the vapor to move away from the keyhole surface. Therefore, convective flux 
of the vaporized element, driven by the excess pressure, is an important contributor to the overall vaporization flux.    
The vaporization flux due to pressure gradient at the weld pool surface corresponding to a local surface 
temperature sT  (boiling temperature) is given by [2-5]:  
                                                                                                                                                                          (6) 
 
Where nu and υρ  are the mean velocity of particles, and density of the vapor at edge of the Knudsen layer. 
According to kinetic theory of gases the mean velocity of particles can be calculated by following equation: 
sMun .=                                                                                                                                                       (7) 
Where M is the Mach number and s is the propagation speed of sound inside the gas. 
The detailed calculation procedure of the vaporization flux due to pressure gradient for element i,- iPJ , - is 
explained in our recent article [7] and is not brought here. 
   
Therefore, the total vaporization flux, itotalJ , , for an element i is given by: 
, , ,total i P i C iJ J J= +                                                                                                                                        (8) 
If the surface and volume of the weld pool (keyhole profile) are known as functions of time, the total rate of 
vaporization and the rate of vaporization of each alloying element can be obtained using itotalJ , . The vaporization 
rate of element i, iG  is found by integrating the vapor flux over the entire weld pool surface, and the total 
vaporization rate of all of elements, G, is given by: 
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Where s refers to the weld pool surface. The weight percent of an element i, itWt ,%)( as function of time is given 
by:  
( ) GtW tGWit iiWt −−=,%                                                                                                                                          (10) 
Where W and iW  are total mass of the weld metal and mass of species i in the weld metal respectively and t 
represents time. 
 
 
Fig.2. Ratio of aluminium to magnesium concentrations as a function of pulse duration in Nd:YAG laser welding (Al5754). 
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4. Results and discussion 
Several sets of aluminium alloy 5754 and SS316 samples with cmcm 55 ×  area were cut and the welding 
process was done using laser pulses with 1500 W peak power and 3-7 ms duration. After welding, LIBS and 
WDX/EDX analysis was performed to study the constituents of the weld metal.  
Average and standard deviation of each set of data was taken for statistical analysis. The Quick calculus software 
(online calculator for science) was used to determine t-statistic and p-value of the untreated and various laser treated 
samples to be p<0.01. It shows that those are statistically significant and the differences are quite meaningful, as to 
approve the use of EDX/WDX and LIBS as a reliable tool for the species identification and subsequent analysis. 
The results of the modelling indicate that those are consistent with the experiments. Figure 1depicts the variation 
of the significant alloying elements in SS316 including Mn, Cr, Ni and Fe in the weld metal. It is seen that the 
concentrations of iron and nickel in the weld metal increase whereas the concentration of the manganese and 
chromium decrease after the laser welding. Figure 2 depicts the ratio of relative concentration of Al 5754 alloying 
elements in the weld metal as a function of the welding laser pulse duration. It is seen that the ratio of aluminium to 
magnesium concentrations linearly increases in terms of pulse duration. In other words, magnesium concentration in 
the weld metal decreases, whereas the aluminium concentration increases simultaneously. It indicates that Mg loss 
significantly increases with longer pulses. 
 
 
 
 
 
Fig.3. Concentrations of Mn and Cr in the weld pool (SS316) with different power density for 8ms pulse durations. 
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Similarly, in laser welding of SS316 the Mn and Cr densities in the weld metal for power densities 10-20 GW/m2 
were measured at constant duration (8ms) as shown in Figure 3. It indicates that the concentration of manganese and 
chromium in the weld area decreases linearly versus increasing power densities. 
In addition, figure 4 displays that, the ratio of the relative concentrations of magnesium and aluminum 
within the weld metal are independent of the laser power density. This fact was inferred from the model 
and confirmed by the experimental data obtained by LIBS analysis.  
 
 
Fig.4. Ratios of aluminium to magnesium concentrations in the Al5754 weld metal against laser power density. 
5. Conclusion 
Here, we have shown that the alloying elements are controlled in the weld metal by changing the laser 
parameters. S˴everal experiments were performed and a theoretical model was developed for the determination of 
significant alloying element losses such as Mn, Cr, Ni, Mn, Al and Fe in the  keyhole welding of SS-316 and 
Al5754 using a long pulsed  Nd:YAG laser. Despite laser welding is a complicated process, here, the effect of laser 
parameters (mainly for various laser duration at constant power density, as well as the different power densities at 
the invariant pulse duration.) were investigated on the composition alteration of the weld metal. 
Based on the analysis and modeling, we have shown that the Mn, Cr concentrations reduce within the weld metal 
however, those of Fe, Ni increase simultaneously, mainly due to the higher equilibrium pressure of Mn and Cr 
respect to Fe and Ni. 
LIBS analysis includes the significant finding as below:  
i) Mg loss linearly increases with increasing the pulse duration of the laser welding. 
ii) The variation of Mg trace is negligible while varying the laser power density. 
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